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Abstract
Since Staudinger’s recognition that polymers were long chain molecules with covalent bonds
between repeating units, the field has evolved tremendously. In addition to their many structural
roles, polymers have been developed to exhibit “smart” stimuli-responsive behavior. This article
will describe the evolution of selected classes of smart polymers including those responsive to
changes in pH, temperature, light, and mechanical stimuli, as well as self-immolative polymers
and their application in drug delivery, sensors, and actuators. It will also highlight key
advancements in polymer chemistry that enabled rapid progress over the past ~20 years. Whether
the key achievements were predictable will be discussed, and the extent to which polymer
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science remains an independent science versus a service tool will be addressed. Finally, some
possibilities for the evolution of the field over the next 20 – 30 years will be described.

1.

Introduction

In 1922 Hermann Staudinger first used the term “macromolecules” to describe long polymer
chains with covalent bonds between repeating monomeric units.[1] Before this time, scientists had
long appreciated the properties of natural polymeric materials and their derivatives such as
vulcanized natural rubber and nitrocellulose.[2-3] In 1907, Baekeland had achieved the controlled
condensation of phenol and formaldehyde to produce thermoset resins.[4] When cured, these first
fully synthetic polymeric materials served as excellent electrical insulators, enabling advances in
electrical engineering and electrification. However, scientists had not appreciated the important
role of long, high molecular weight polymer chains in affording the unique properties of
polymers relative to their small molecule counterparts. Using the concepts of colloid chemistry
introduced by Graham,[5] it was proposed that polymer properties could be attributed to the selfassembly of small molecules without covalent bonding. In the early 1900s, Pickles had
questioned the self-assembly claims and proposed the existence of covalent bonds between the
isoprene monomers in natural rubber, though he had underestimated its molecular weights.[6]
Fischer had also recognized that proteins were formed through the covalent bonding between
amino acid units, but had doubted the existence of molecules greater than 4000 – 5000 g/mol.[7-8]
Though convincing evidence would come later, in 1920 Staudinger proposed that polymers such
as polyoxymethylene and polystyrene were composed of long polymer chains composed of a
very large number of molecular base units, later called monomers, linked together by covalent
bonds.[9] This revolutionary concept was challenged at the time, but Staudinger recognized its
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potential, suggesting “that sooner or later a way will be discovered to prepare artificial fibers
from synthetic high-molecular weight products, because the strength and elasticity of natural
fibers depend exclusively on their macro-molecular structure – i.e., on their long thread-shaped
molecules.”[10]
Staudinger correctly predicted the importance of his concept of long-chain
macromolecules. An understanding of the molecular structure of polymers paved the way for the
rational design and industrial scale production of many important polymers over the next couple
of decades. For example, a reproducible high-pressure synthesis for polyethylene was developed
at Imperial Chemical Industries, which became the basis for the industrial production of lowdensity polyethylene.[11] Neoprene rubber was developed at Dupont in efforts led by
Carothers.[12] Nylon 6,6 was also developed by Carothers at DuPont,[13] while Schlack developed
nylon 6 at IG Farben shortly thereafter.[14] Butyl rubber was developed by Sparks and Thomas at
Standard Oil.[15] Over the next few decades, Flory made many theoretical and experimental
advancements in the physical chemistry of macromolecules.[16]
In their early years, synthetic macromolecules played primarily structural roles, along
with simple but valuable functions such as imparting resistance to chemicals and corrosion, as
well as water and air impermeability. Since then, polymers have been developed to perform
increasingly more challenging structural roles and more complex functions. For example Kevlar,
an aramid first commercialized in the early 1970s and now used in bulletproof vests and bicycle
tires, has a very high tensile strength-to-weight ratio.[17] Biodegradable polyesters such as
poly(glycolic acid) and poly(lactic acid) are used in absorbable sutures[18] and for the controlled
release of drugs in vivo.[19] Increasingly, polymers are asked to perform “smart” functional roles.
Smart, or stimuli-responsive polymers respond to their environment, such as changes on
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temperature, pH, light, electrical or magnetic signals, or mechanical forces. The polymer’s
response can be translated to functions such as sensing, the release of drugs, or actuation. This
article will discuss selected key developments in the field of smart polymers. The role of
polymer chemistry as a tool for other disciplines will be explored. Whether the key
advancements were predictable will also be discussed, along with a perspective on prospects for
the next 20-30 years.

2.

Selected developments in smart polymers

2.1 Classes of smart polymers
The development of stimuli-responsive polymers has been inspired to a great extent by a desire
to mimic nature’s ability to interact with and respond to its environment. For example, the
binding of a small molecule agonist to a cell surface receptor can trigger a cascade of
biochemical events leading to outcomes such as cell death or the production of a specific protein.
Polymers can mimic such processes, albeit in a simpler manner, with responses of polymers to
environmental stimuli often manifested as changes in solubility, shape, disruption or formation
of a supramolecular assembly, a sol-gel transition, or other changes in other aspects of the
polymer structure or properties. Numerous different stimuli have been explored as triggers for
smart polymers, but I will describe here several selected examples that in my view have been
particularly influential on the field, and which are still being used in new and creative ways.
pH-sensitive polymers were some of the earliest examples of stimuli-responsive
polymers, and are still widely used today. Most pH-sensitive polymers are based on ionizable
groups such as weak acids (e.g., carboxylic acids) or bases (e.g., amino group) that undergo
changes in protonation state upon a change in pH (Figure 1a). The consequent change in charge
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of the polymer results in a change in properties such as conformation, solubility, or swelling
behavior. As early as the late 1940s, Katchalsky and coworkers showed that the shapes of
polyacids and polybases depended on their degrees of ionization, with charging resulting in
electrostatic repulsions, and causing an expansion and uncoiling of the polymer chain.[20-21] The
uncoiling resulted in a dramatic increase in the specific viscosity of the polymer solution. The
incorporation of poly(acrylic acid) into three-dimensional covalent networks allowed the
molecular extensions and contractions to be transferred to the macroscopic scale with reversible
swelling of the resulting gels achievable by the alternating addition of acidic and basic media.[22]
Since then, numerous pH-responsive polymers have been investigated and it has been possible to
fine-tune their pH-dependent behavior by tuning the ionizable groups and through the
preparation of random and block copolymers.[23-24] pH-responsive linkages such as acetals have
also been incorporated as polymer pendant groups, wherein their hydrolysis reveals new pendant
functional groups, leading to a solubility transition (Figure 1b).[25] Furthermore, acid-labile
groups have also been incorporated along the polymer backbone, leading to breakdown of the
polymer to small molecules upon a pH decrease (Figure 1c).[26]

Figure 1. Schematic depicting different approaches to the incorporation of pH-responsive
moieties into polymers: a) Pendant groups undergo changes in protonation state; b) Pendant
groups are cleaved off the polymer; c) pH-sensitive linkages in the backbone are cleaved.
5

Temperature change has also been extensively explored as a stimulus in the field of smart
polymers. Scarpa et al. first reported the thermal phase change behavior of poly(Nisopropylacrylamide) (PNIPAM) (Figure 2) in 1967.[27] Like many thermo-responsive polymers,
PNIPAM exhibits a lower critical solution temperature (LCST). LCST behavior arises due to
extensive hydrogen bonding interactions with water (the solvent) and limited intra- and
intermolecular hydrogen bonding at lower temperatures. At higher temperatures, disruption of
hydrogen bonding with water allows intra- and intermolecular bonding as well as hydrophobic
interactions to dominate, resulting in aggregation of the polymer chains.[28] The temperature
where the solution transitions from transparent to opaque is referred to as the “cloud point” and
often depends on factors such as polymer concentration and the presence of salts.[29] PNIPAM
has remained the most widely used LCST polymer, likely because of its sharp phase transition at
about 32 °C, which is easily accessible between room temperature and the physiological
temperature of 37 °C. However, numerous copolymers of PNIPAM have been investigated to
tune the cloud point.[30] In addition, various other polyacrylamides, polylactams,
polymethacrylates, polyakyloxides, and other backbones have also been reported to exhibit
LCST behavior. Polymers with upper critical solution temperatures (UCST), such as polybetains,
also exist but they have been much less extensively investigated then LCST polymers.[31]

Figure 2. Chemical structure of PNIPAM.
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Light has also been an attractive stimulus for smart polymers. Many parameters such as
its intensity, wavelength, and exposure area can be readily controlled. In addition, it can be
applied externally in the absence of additional chemical reagents or other changes in
environmental conditions. Most photoresponsive polymers can be classified into two categories –
those based on photocleavable groups and those based on photochromic groups. Photocleavable
groups undergo irreversible bond cleavage in response to light irradiation, revealing new
functional groups, and resulting in changes in properties of materials into which they are
incorporated. They have been extensively used in organic chemistry as orthogonal protecting
groups,[32] and also in the microelectronics[33] and coatings[34] industries as photoacid generators.
A number of different photolabile moieties have been used,[35-36] including pyrenylmethyl, onitrobenzyl, coumarinylmethyl, and p-methoxyphenacyl derivatives, but o-nitrobenzyl
derivatives have been the most extensively incorporated into polymeric systems.[37] In the 1970s,
Petropoulos reported a photodegradable poly(o-nitrobenzaldehyde acetal)[38] while Barzynski
and coworkers reported polymers containing o-nitrocarbinol ester groups, that became soluble in
alkaline solvent after light exposure for use as photoresists.[39] Over the last couple of decades, onitrobenzyl and other photocleavable groups have been investigated as polymer pendant groups
(Figure 3a), backbone moieties, and as cross-linkers in networks and hydrogels.[35-37] In addition,
while many photolabile groups require UV light for bond cleavage, significant efforts have
recently been undertaken to use red or near-infrared light in combination with one-photon
photochemistry, two-photon absorption, or upconverting nanoparticles.[40]
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Figure 3. Schematics depicting the use of photo-responsive a) o-nitrobenzyl moieties and b)
azobenzenes as pendant groups on polymer chains.

Photochromic moieties undergo light-induced reversible switching between two isomeric
forms. Mechanisms such as cis-trans isomerization, pericyclic reactions, and intramolecular
hydrogen transfers or group transfers can be involved,[41] and are often accompanied by a color
change, as well as changes in physical and chemical properties of the photochromic moiety such
as geometrical structure, dipole moment, and refractive index.[42] These changes consequently
lead to changes in the chemical, optical, electrical, and other properties of the polymers that
incorporate them. Among the photochromic groups, azobenzene-containing polymers have been
the most widely investigated. Azobenzenes have been incorporated into the backbones and sidechains of polymers (Figure 3b), and many different backbones have been explored.[43] Though
many important discoveries regarding the photoinduced motions and modulations of
azobenzene-containing polymers were made in the 1990s, the field is still very active today.[44]
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Other photochromic moieties including spiropyrans, spirooxazines, and dithienylethenes have
also been incorporated into polymers.[42] In addition to photocleavable and photochromic groups,
coumarins and cinnamates have been used to perform reversible and irreversible cross-linking of
polymers.[36]
A more recent development in the field of smart polymers has been the study of
mechanoresponsive polymers. In fact, knowledge of mechanically-induced bond cleavage in
polymers has existed for many decades, with Staudinger observing a decrease in polymer
molecular weight in response to mechanical force.[45-46] However, it is only over the past couple
of decades that researchers have been exploiting targeted mechanical bond cleavage or
rearrangement to impart polymers with new “smart” capabilities.[47-48] Targeted bond cleavage in
polymers has been achieved through the introduction of weak bonds, called mechanophores, into
the polymer backbone. Mechanophores undergo useful chemical reactions when force is
transferred to their bonds from the polymer chains. Some examples include the cleavage and
rearrangement of azo linkages, the conversion of spiropyran to merocyanine (Figure 4),
cycloreversion reactions of 1,2-dioxetanes or cyclobutanes, cis-trans isomerizations of
azobenzenes, and the electrocyclic ring openings of benzocyclobutene, dihalocyclopropanes, and
epoxide derivatives.[48-50] Non-covalent bonds can also be applied, including hydrogen bonds, pp-interactions, and metal-ligand interactions.[47] The location of the mechanophore with polymer
chains linked on either side is critical for effective force transfer. The mechanically-induced
chain scission and rearrangement of polymers in solution has been studied in flow fields, where
strong hydrodynamic forces are exerted on polymer chains, and using ultrasound, which can
generate high strain rates and forces, while in the solid state mechanical forces have generally
been applied through elongation or compression.[49-50] As for other classes of smart polymers, the
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change in chemical structure of the polymer induced by the stimulus results in a change in
polymer properties. For example, in polymers containing photochromic moieties such as
spiropyrans, this has been manifest as a change in color.[51] In a recent example, inspired by the
strengthening of skeletal muscles by repeated exercise, mechanical chain scission in a double
network hydrogel resulted in mechanoradicals that initiated the polymerization of acrylamide
monomers and cross-linker within the gel. The growth of the new network upon repeated
stretching resulted in strengthening of the gel.[52]

Figure 4. Mechanochemical ring opening of a spiropyran to merocyanine in a poly(methyl
acrylate) (PMA) using ultrasound induces a color change. Adapted with permission from
reference 53. Copyright 2007 American Chemical Society.

Self-immolative polymers (SIPs) are another class of smart polymers that has received
significant attention over the past decade. SIPs undergo continuous end-to-end depolymerization
following cleavage of their backbone or removal of an end-cap from the polymer terminus by a
stimulus (Figure 5).[54-56] They can be distinguished from other classes of smart polymers by
their “amplified” response to the stimulus, in that many small molecule products can be
produced through depolymerization following a single stimulus-mediated bond cleavage. One
class of SIPs is based on backbones that have low ceiling temperatures (Tc), but that can be
stabilized by cyclization or end-capping. Examples include polyphthalaldehydes (PPAs),[57]
polyglyoxylates (PGs),[58] poly(olefin sulfones) (POSs)[59] and poly(benzyl ether)s.[60] PPAs, PGs
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and POSs have been known since the 1960s to 1970s as PPAs and POSs were investigated as
resists for lithography applications,[61-62] and PGs were studied as degradable detergent
builders.[63] Recent advancements in their polymerization chemistry and end-capping have
enabled their depolymerization to be triggered by specific stimuli such as light, acid, oxidizing
and reducing species, and even combinations of these stimuli.[64-66] As these low Tc polymers
depolymerize back to the monomers from which they were prepared, their depolymerization is in
principle reversible. In contrast, another class of SIPs, first introduced in 2008,[67] depolymerizes
to small molecules that differ from the monomers from which they were initially prepared. For
example, polycarbamates prepared from activated derivatives of 4-aminobenzyl alcohol undergo
depolymerization via a cascade of 1,6-elimination and loss of CO2 reactions.[67] Variations of
these polycarbamates incorporating different backbones units such as carbonates or linkers
undergoing cyclization reactions in alternation with elimination reactions have also been
developed, enabling tuning of polymer properties and depolymerization rate.[68-69] Different
pendant groups have also been incorporated into both classes of SIPs to tune their properties, and
SIPs have been incorporated into different polymer architectures such as linear block copolymers
and hyperbranched polymers.[68,70]
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Figure 5. a) SIPs are stabilized with a stimuli-responsive end-cap; b) Cleavage of the end-cap
initiates end-to-end depolymerization; c) The result is the end-cap and small molecule
depolymerization products. Reproduced with permission from reference 71. Copyright 2019
American Chemical Society.

2.2 Advancements in synthetic polymer chemistry
A discussion on the evolution of smart polymers would not be complete without acknowledging
some key advancements in synthetic polymer chemistry that have enabled progress in the field.
In the early days of polymers, many polymers were synthesized via free radical chain addition or
step-growth polymerization methods leading to broad molecular weight distributions and
relatively limited structural control. Predictable chain lengths, narrower dispersities in molecular
weight, and block copolymer structures became accessible quite early on through living
anionic[72-73] and living cationic[74-75] polymerization methods, which were introduced in the
1950s and 1970s respectively. However, these methods typically require ultrapure monomers,
stringent reaction conditions, and have limited tolerance for functional groups. Coordination
polymerization[76] and ring-opening polymerization[77] were also possible, but were only
applicable to selected classes of monomers. In late 1970s and early 1980s, dendrimers were
introduced by Vogtle and Tomalia.[78-79] Dendrimers provide very well-defined branched
macromolecules that can be prepared by methods resembling those used for conventional organic
synthesis.[80] Aside from their very low molar mass dispersities, dendrimers also exhibit unique
properties relative to conventional linear polymers such as a large number of terminal groups,
which increases exponentially with each generation of synthesis/growth. Nevertheless,
dendrimer synthesis is a tedious process that requires significant synthetic expertise.
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Controlled or living radical polymerizations were a long-standing goal in the polymer
chemistry community, as free radical polymerizations are typically quite tolerant to functional
groups and impurities. While efforts to achieve controlled radical polymerization data back to the
work of Werrington and Tobolsky in 1955,[81] and then Otsu in 1982,[82] it was really in the early
2000s that methods such as atom transfer radical polymerization (ATRP),[83] nitroxide-mediated
polymerization (NMP),[84] and reversible addition fragmentation chain transfer polymerization
(RAFT)[85] had reached sufficient maturity to be widely adopted in the polymer community. All
controlled radical polymerizations share a common feature of a rapid and dynamic equilibrium
between a small fraction of reactive free radicals and a majority of dormant species, which
greatly reduces the extent of termination reactions. These methods have allowed a large number
of researchers to access polymers with a diverse array of functional groups, end groups, and
architectures, which have greatly contributed to the development of smart functional polymers.
Another key synthetic development in the early 2000s was the introduction of “click”
chemistry to polymer synthesis. Initially, the application of Sharpless’ Cu(I)-catalyzed
cycloaddition reaction of azides and alkynes to form 1,2,3-triazoles was reported for the
preparation of dendrimers by an efficient process involving minimal by-products and a simple
purification process.[86] This reaction has since been extensively applied for the functionalization
of polymer termini and pendant groups, for the synthesis of block copolymers, and more
complex architectures, and for the coupling of polymers to other materials and surfaces.[87-88] In
addition, other click reactions such as thiol-ene, oxime formation, thiol-maleimide, and DielsAlder reactions have also been widely employed for polymer synthesis and modification. [87,89]
As noted by Wooley and Hawker in 2005,[90] there has truly been a convergence of organic and
polymer chemistry, with the concepts and tools of organic chemistry providing a high level of
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control over the chemical structure of polymer molecules, thereby enabling new properties and
functions.

2.3 Applications of smart polymers
Smart polymers have been explored for many different applications including drug delivery,
tissue engineering, sensors, actuators, coatings, membranes, textiles, microfluidic devices, and
more. Here I will discuss briefly the role that smart polymers have played in drug delivery,
sensors, and actuators.
Drug delivery is one of the areas where smart polymers have been extensively explored.
This has likely resulted in part from the fact that many smart polymers were designed to mimic
natural systems. In addition, the human body has different conditions of pH and different
concentrations of chemical species such as oxidizing and reducing agents that can be used to
trigger changes in stimuli-responsive polymers.[91-93] Early examples were enteric coatings for
oral medications that prevented their dissolution in the acidic gastric environment (~pH 3) but
dissolved to release the drug at pH 7-9 in the small intestines. Many different polymers have
been employed, but Eudragit® coatings are an example based on copolymers of methacrylic acid
and methacrylic/acrylic esters, with the dissolution behavior tunable based on the specific
copolymer structure.[94] Early polymer-drug conjugates such as the doxorubicin (Dox)-poly[N(2-hydroxypropyl)methacrylamide-co-methacrylic acid] conjugate had Dox linked through a
tetrapeptide spacer designed to allow selective release of Dox by the enzyme cathepsin B in
tumor cells (Figure 6).[95] Furthermore, the efficacy of poly(ethylene imine) (PEI) and other
cationic polymers as synthetic gene delivery agents has been attributed to their pH-sensitivity.[96]
After their transport into intracellular endocytic vesicles, where the pH decreases, the amine
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groups become protonated. This leads to an accompanying influx of chloride ions into the
vesicles, resulting in osmotic swelling and rupture, which enables the escape of the PEI-DNA
complex from the endolysosomal vesicle, where it would otherwise be degraded.

Figure 6. Chemical structure of Dox conjugated via an enzymatically-degradable spacer to
poly[N-(2-hydroxypropyl)methacrylamide-co-methacrylic acid].[95]

Over the past couple of decades, a vast array of different delivery vehicles including
nanoparticles, micelles, vesicles, and hydrogels based on smart polymers have been reported for
drug and gene delivery.[97-98] Many of these systems have been designed to rely on naturally
existing gradients of conditions in the body, such as the reduced pH of endolysosomal
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compartments within cells or within tumors,[99-100] or the higher intracellular concentration of
reducing agents[101] to release drugs at specific locations. Others have been designed to exploit
conditions such as elevated levels of reactive oxygen species (e.g., H2O2) associated with cancer
or inflammation to release drugs selectively at the disease site.[102] There has also been
significant interest in the development of externally addressable drug delivery systems that can
be triggered by the patient or physician to release drugs on command. To achieve this, stimuli
such as light, heat, magnetic fields, or ultrasound (mechanical force) have been explored in
combination with suitably designed smart polymer systems.[103-104] However, the number of
clinically used delivery systems based on smart polymers remains quite limited to date and
significant further efforts are required to demonstrate the clinical effectiveness and safety of
stimuli-responsive delivery systems.
Smart polymers have also been extensively investigated as key components of sensors. A
sensor is an integrated device capable of eliciting a response that allows quantification of an
analyte. Ideally, a sensor will be capable of rapidly detecting a species of interest in a complex
mixture with high sensitivity. Stimuli-responsive polymers can be designed to respond to a wide
variety of different stimuli, resulting in changes in shape, solubility, surface properties, color, or
fluorescence. Furthermore, they can be manufactured into different forms such as films, beads,
coatings, and fibers, making them promising materials for sensor fabrication. Swager and
coworkers highlighted a key advantage in the use of conjugated polymers as sensors compared to
small molecules, which is their potential to exhibit collective properties that are very sensitive to
minor perturbations, thereby providing high sensitivity.[105] Indeed, conjugated polymers were
explored for sensing dating back to the 1980s. For example Roncali and coworkers reported
changes in the voltametric properties of 3,6-dioxaheptyl-functionalized polythiophene in
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response to Bu4N+ and Li+ ions.[106] Subsequently, a variety of different functionalized
conducting polymers were synthesized to detect different many other cationic species.
Polypyrrole was investigated in different roles to detect analytes such as glucose and hydrogen
peroxide, as an enzyme entrapper, electron mediator, or transducer.[105] Another noteworthy
example is the use of polyphenyleneethynylenes to detect explosives such as 2,4,6-trinitrotoluene
(TNT) and 2,4-dinitrotoluene (DNT) based on fluorescence quenching by an electron-transfer
mechanism (Figure 7).[107] This concept was ultimately developed further, leading to the
commercial TrueTrace® explosives detection system. A wide range of other stimuli-responsive
polymers have also been explored for sensor development.[108-109] For example, the temperaturedependent swelling and deswelling of PNIPAM has been used in photonic materials to create
colorimetric temperature sensors.[110] In addition, SIPs are also promising for sensor
development due to their ability to afford amplification through depolymerization to multiple
small molecules. They have been applied to sense enzymes as well as a variety of small
molecules such as metal ions and H2O2 through the generation of fluorescent small molecule
depolymerisation products or as a solubility switch.[55-56]
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Figure 7. Chemical structure of a pentiptycene-derived conjugated polyphenyleneethynylenes
capable of sensing TNT and DNT. Exposure to the analyte results in a decrease in polymer
fluorescence in the polymer film.[107]

For many years there has been significant interest in using smart polymer systems to
mimic natural muscle. Muscle is capable of transforming chemical into mechanical energy
through a complex process involving an electrical pulse from the brain that ultimately results in
conformational changes in muscle fibers. Early examples of actuating materials were metal
alloys,[111] but over the past few decades numerous examples of polymeric actuating materials
have been reported.[112] Some early examples involved bilayer structures composed of a layer of
conducting polymer such as polypyrrole on a non-conducting layer.[113] Bending was induced by
volume changes of the conducting polymer layer upon chemical or electrochemical doping.
Many other types of polymers, such as PNIPAM, which exhibit swelling and deswelling
behavior under different conditions can also be used in the bilayer design.[108,112] Shape memory
polymers have also been employed to achieve actuation.[114] These polymers can adopt
temporary shapes while retaining memory of a permanent shape, and can recover the permanent
shape upon application of a stimulus. For example, a permanent rod shape was programmed by
preparation of a cross-linked network of poly(e-caprolactone) (PCL) dimethacrylate and n-butyl
acrylate.[115] The rod was temporarily deformed to a spiral shape through a programming
process, but upon heating above the melting point of the crystalline PCL domains, the original
rod shape was rapidly recovered (Figure 8a). Photoresponsive polymers have also been used to
convert light energy into mechanical work.[116] For example, Ikeda and coworkers prepared
cross-linked films based on azobenzene-containing monomers and cross-linkers with in-plane
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alignment of the azobenzene mesogens.[117] Irradiation with UV light led to cis-trans
isomerization in the upper regions of the film, resulting in bending (Figure 8b). Currently, there
is great interest in the integration of smart polymers into wearable devices based on soft sensors
and actuators.[118-119]

Figure 8. a) Photographs showing a macroscopic shape memory effect of networks composed of
PCL-dimethacrylate and n-butyl acrylate. The temporary shape was a spiral and the permanent
shape was a rod. Heating at 70 °C led to the transition from the temporary to permanent shape.
Reproduced with permission from reference 115. Copyright 2001 National Academy of
Sciences. b) Chemical structures of the monomer and cross-linker used to prepare an actuating
19

azobenzene-containing polymer network and proposed mechanism of anisotropic bending.
Adapted with permission from reference 117. Copyright 2004 American Chemical Society.

3. Were the key achievements predictable?
Staudinger anticipated the importance of recognizing the key role that long covalent chains
played in polymer properties. In this sense, he predicted the key achievements in
macromolecular science and engineering over the decades to come. The field of polymer science
and engineering has always been closely integrated with industry. While the polymer industry
has often encouraged research scientists to perform pioneering chemical research, the long-term
goal has always been the development of new products with useful, marketable properties. While
new products and processes have often been discovered through a combination of serendipity
and design, it was often up to the company to decide which advancements constituted key ones
for society. For example, DuPont developed and marketed nylon as the “first mad-made organic
textile fiber” which promised to be “as strong as steel, as fine as the spider’s web”.[120] Similarly,
neoprene rubber was developed as part of an industrial effort to replace natural rubber and was
recognized for its resistance to heat and chemicals. Polytetrafluoroethylene was discovered
accidentally by Plunkett at Kinetic Chemicals in 1938, but was recognized for its properties and
was patented[121] and commercialized quite rapidly as a coating material, first for valves and
seals in pipes holding reactive UF6, and later for cooking pans.
I would argue that the field of polymer science and engineering has continued to be
driven by the aim to provide solutions to societal challenges. Of course, there are still
fundamental knowledge gaps that are being filled and fortuitous discoveries being made, but
achievement can often be identified by the extent to which a new development provides a
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solution to an important problem. One example is the development of controlled radical
polymerization methods, which is arguably recognized as one of the most important
achievements over the past couple of decades because it allows numerous polymers with various
backbones and architectures to be prepared with a high degree of structural control, thereby
enabling many other advancements. In the area of smart materials, there is also a strong
combination of fundamental curiousity-driven science as well as application-driven design. In
one sense, smart materials have been designed to mimic and enhance our understanding of
natural materials, without a concern for immediate application.[112] On the other hand, there is
now significant knowledge on the synthesis and behavior of macromolecules such that one can
set out to design and synthesize a macromolecular system to perform a specific function. For
example, in the area of drug delivery, based on knowledge that polymers of certain molar masses
and architectures can effectively accumulate in tumor tissues, where they are subsequently taken
up by endocytosis and trafficked to mildly acidic intra-cellular compartments, one can design a
smart polymeric anti-cancer drug delivery system that releases drugs selectively in cancer cells.
Such design-based research then may highlight gaps in knowledge to be filled in turn by more
fundamental research.[122] Still, success can ultimately be evaluated by an advancement’s
capacity to solve the or address key fundamental questions. In this regard, the impact of key
achievements has been, and will likely remain somewhat predictable, at least on a certain time
frame, as societal challenges are continually evolving.

4.

Does the field of macromolecules encompass service tools or
independent science?
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Because of the many diverse properties accessible with polymers, they are widely used across
many fields. For example, electrical engineers employ polymers in sensors and wearable devices
and biomedical engineers employ polymers in drug delivery vehicles and tissue engineering
scaffolds. Advancements in polymerization methods and click chemistry approaches have made
the synthesis of polymers much more accessible to non-experts. Many of the most exciting
aspects of the polymer field today involve contributions from multiple disciplines. However, I
would like to note here that as emphasized by Staudinger, the properties of polymers rely heavily
on their chemical structures and molar mass. As such, it is important that research involving
polymers should involve an accurate and thorough assessment of the structure, purity, and molar
mass of the polymers studied, whether new or commercial. This characterization is critical for
the reproducibility and eventual translation of the work. It is becoming increasingly challenging
as the field diversifies, but is critical and as polymer scientists we must take the lead in efforts to
uphold the characterization standards for macromolecules.
While we must acknowledge the important roles that macromolecules play as tools across
many fields, to state that it is no longer an independent science would imply there are no further
advancements needed in the field. While many advancements have been made, there are still
numerous polymer structures that remain uninvestigated, methods to be developed for their
synthesis, and new properties to be discovered. As detailed in the next section, new societal
challenges can help to guide these discoveries.

5.

Where will the field of macromolecules go over the next 20 – 30 years?

Key advancements in macromolecular science over the past century were driven by societal
needs. New functions and properties were provided by synthetic polymers that enhanced quality
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of life, while at the same time decreasing the cost of products and production processes. Such
advancements continue to be made. For example, the use of lightweight polymer composite
structures in automotive manufacturing is driven by the desire to make vehicles more economical
to produce and lighter, resulting in increased fuel efficiency.[123] At the same time, the growing
problem of plastic pollution has cast a negative light on the polymers in recent years.[124-125]
While plastics can provide benefits such as prolonging the lifetime of food products, and thereby
indirectly contribute to water and fuel use reductions, the vast majority of single use plastics are
not effectively recycled, and ultimately may contaminate the environment. A recent study found
that an average American consumes 39000 – 52000 microplastic particles of plastic per year.[126]
These recent challenges offer new opportunities for the field. Companies are
commercializing new processes for polymer recycling and new products based on recycled
polymers. New synthetic methods for the synthesis of biodegradable polymers with high
efficiency and optimized properties are continually being developed.[127] Researchers are also
introducing dynamic cross-linking chemistries that allow polymer networks to become labile or
depolymerized back to monomers under specific conditions.[128-129] SIPs can also be
depolymerized back to monomers for reprocessing using pre-programmed triggers.[130-131]
Ultimately, smart polymer approaches have potential to enable polymers to retain stability as
desired during their use, but degrade on command. In addition, while some of the first synthetic
polymers were developed to replace natural biopolymers, ironically there is now great interest in
replacing synthetic polymers with bio-based polymers.
In my opinion, the application of polymers to biomedical areas such as drug delivery will
also continue to develop over the next few decades. In these areas, the challenge is to find
polymers with ideal properties for the given application, and to demonstrate that they will be
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non-toxic and well-tolerated in the human body. Thus far, a limited number of polymers have
obtained approval for clinical applications, and there is a tendency among the medical and
industrial community to focus on these selected polymers to facilitate translation. In doing so, we
may be missing out on many exciting opportunities involving new polymer structures.
Concomitantly, as researchers develop increasingly complex and smart polymer designs, it will
also be important to consider the practicality of reproducibly preparing and characterizing these
structures on a large scale. Overall, it will be exciting to watch these fields mature over the next
couple of decades.

6.

Summary and outlook

Overall, the field of polymers has evolved at a rapid pace since Staudinger’s important early
work on the structures of macromolecules. While many different fields of polymer research have
emerged over the past century, one area that has received significant attention is smart polymers.
Many examples of smart polymers can be traced back to the early days of polymer science, but it
was key advancements in polymer synthesis that enabled rapid progress in the field over the past
couple of decades due to our ability to prepare well-defined structures and complex polymer
architectures. Many exciting applications of smart polymers have emerged, ranging from drug
delivery to sensors and actuators. Some of these systems have been commercialized, and many
more exciting developments are on the horizon, particularly through collaborative work between
polymer scientists and experts in other fields. As was the case throughout history, the field of
macromolecular research seems well-poised to continue addressing key societal challenges such
as human health and the environment. It will be exciting to see the evolution of the field and
additional new opportunities that will emerge over the next 20 – 30 years.
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Figure legends
Figure 1. Schematic depicting different approaches to the incorporation of pH-responsive
moieties into polymers: a) Pendant groups undergo changes in protonation state; b) Pendant
groups are cleaved off the polymer; c) pH-sensitive linkages in the backbone are cleaved.

Figure 2. Chemical structure of PNIPAM.

Figure 3. Schematics depicting the use of photo-responsive a) o-nitrobenzyl moieties and b)
azobenzenes as pendant groups on polymer chains.

Figure 4. Mechanochemical ring opening of a spiropyran to merocyanine in a poly(methyl
acrylate) using ultrasound induces a color change. Adapted with permission from reference 53.
Copyright 2007 American Chemical Society.

Figure 5. a) SIPs are stabilized with a stimuli-responsive end-cap; b) Cleavage of the end-cap
initiates end-to-end depolymerization; c) The result is the end-cap and small molecule
depolymerization products. Reproduced with permission from reference 71. Copyright 2019
American Chemical Society.

Figure 6. Chemical structure of Dox conjugated via an enzymatically-degradable spacer to
poly[N-(2-hydroxypropyl)methacrylamide-co-methacrylic acid].[95]
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Figure 7. Chemical structure of a pentiptycene-derived conjugated polyphenyleneethynylenes
capable of sensing TNT and DNT. Exposure to the analyte results in a decrease in polymer
fluorescence in the polymer film.[107]

Figure 8. a) Photographs showing a macroscopic shape memory effect of networks composed of
PCL-dimethacrylate and n-butyl acrylate. The temporary shape was a spiral and the permanent
shape was a rod. Heating at 70 °C led to the transition from the temporary to permanent shape.
Reproduced with permission from reference 115. Copyright 2001 National Academy of
Sciences. b) Chemical structures of the monomer and cross-linker used to prepare an actuating
azobenzene-containing polymer network and proposed mechanism of anisotropic bending.
Adapted with permission from reference 117. Copyright 2004 American Chemical Society.
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